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Abstract: The effect of tensor force on the density dependence of nuclear symmetry energy has been investigated
within the framework of the Brueckner-Hartree-Fock approach. It is shown that the tensor force manifests its effect
via the tensor 3SD1 channel. The density dependence of symmetry energy Esym turns out to be determined essentially
by the tensor force from the pi meson and ρ meson exchanges via the 3SD1 coupled channel. Increasing the strength
of the tensor component due to the ρ-meson exchange tends to enhance the repulsion of the equation of state of
symmetric nuclear matter and leads to reduction of symmetry energy. The present results confirm the dominant role
played by the tensor force in determining nuclear symmetry energy and its density dependence within the microscopic
BHF framework.
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1 Introduction
Equation of state (EOS) of asymmetric nuclear mat-
ter plays a central role in understanding many physical
problems and phenomena in nuclear physics and nuclear
astrophysics, ranging from the structure of rare isotopes
and heavy nuclei [1–4] to the astrophysical phenomena
such as supernova explosions, the structure and cooling
properties of neutron stars [5–9]. Nuclear symmetry en-
ergy describes the isovector part of the EOS of asymmet-
ric nuclear matter. To determine the symmetry energy
and its density-dependence in a wide range of density, es-
pecially at supra-saturation densities, is a new challenge
in nuclear physics and heavy ion physics [10, 11].
Up to now, the density dependence of symmetry en-
ergy at low densities below ∼ 1.2ρ0 has been constrained
to a certain extent by the experimental observables of
heavy ion collisions and some structure information of
finite nuclei, such as isospin-scaling of multifragmenta-
tion, isospin transport, neutron-proton differential col-
lective flow in HIC and neutron skins, pygmy dipole
resonances of finite nuclei, etc [11–14]. However, the
density dependence of symmetry energy at high densi-
ties remains poorly known. Different groups[15–17] have
obtained completely different high-density behaviour of
symmetry energy by comparing the experimental data
measured by the FOPI Collaboration at GSI [18] with
their calculated results of transport models.
Theoretically, the EOS of asymmetric nuclear mat-
ter and symmetry energy have been investigated exten-
sively by adopting various many-body methods, such
as the Brueckner-Hartree-Fock(BHF) [19–22] and Dirac-
BHF [23–26] approaches, the in-medium T -matrix and
Green function methods [27–31], and the variational ap-
proach [32, 33]. Although almost all theoretical ap-
proaches are able to reproduce the empirical value of
symmetry energy at the saturation density, the dis-
crepancy among the predicted density-dependence of
symmetry energy at high densities by adopting differ-
ent many-body approaches and/or by using different
nucleon-nucleon (NN) interactions has been shown to
be quite large [8, 22, 25, 34, 35]. In order to clarify the
above-mentioned discrepancy among different theoretical
predictions, it is desirable to investigate the microscopic
mechanism which controls the high-density behavior of
symmetry energy.
The tensor interaction and its effect on finite nuclei
and infinite nuclear matter have been discussed in con-
nection with the evolution of nuclear spectra [36], the
evolution of nuclear shell structure [37, 38], the nuclear
saturation mechanism [39, 40], and the contribution of
isovector mesons to symmetry energy [41–43]. Due to the
tensor coupling is not well determined from experimental
data, especially in short-range [44], there are still a lot of
open questions. One of the most important questions is:
what is the role played by the short-range tensor force
in determining the EOS of asymmetric nuclear matter ?
In Ref. [43], the contributions of various components of
NN interaction to symmetry energy and its slope param-
eter L at saturation density have been studied within the
BHF framework and it has been shown that the tensor
component is decisive for determining symmetry energy
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and L around saturation density. In Ref. [41], the ef-
fect of the short-range tensor force due to the ρ meson
exchange has been investigated. In that paper, the ten-
sor force have been added to the Gogny central force by
hand and its effect has been discussed by adjusting the
in-medium ρ meson mass according to the Brown-Rho
Scaling.
In the present paper, we shall investigate the effect
of tensor force on the density dependence of symmetry
energy, within the framework of the BHF approach.
2 Theoretical Approaches
The present investigation is based on the BHF ap-
proach for asymmetric nuclear matter [19, 20]. Here we
simply give a brief review for completeness. The start-
ing point of the BHF approach is the reaction G-matrix,
which satisfies the following isospin dependent Bethe-
Goldstone (BG) equation,
G(ρ,β;ω)=VNN +
VNN
∑
k1k2
|k1k2〉Q(k1,k2)〈k1k2|
ω−ǫ(k1)−ǫ(k2)
G(ρ,β;ω) (1)
where ki ≡ (~ki,σ1, τi) denotes the momentum, the z-
component of spin and isospin of nucleon, respectively.
VNN is the realistic NN interaction and ω is starting en-
ergy. For the realisticNN interaction VNN , we adopt the
Bonn-B interaction [45]. The Pauli operator Q(k1,k2)
prevents two nucleons in intermediate sates from being
scattered into their respective Fermi seas. The asymme-
try parameter β is defined as β = (ρn−ρp)/ρ, where ρ,
ρn and ρp denote the total nucleon, neutron and pro-
ton number densities, respectively. The single-particle
(s.p.) energy ǫ(k) is given by: ǫ(k) = ~2k2/2m+U(k).
The auxiliary s.p. potential U(k) controls the convergent
rate of the hole-line expansion [46]. In the present calcu-
lation, we adopt the continuous choice for the auxiliary
potential since it provides a much faster convergence of
the hole-line expansion up to high densities than the gap
choice [47].
In the BHF approximation, the EOS of nuclear mat-
ter (i.e., the energy per nucleon of nuclear matter) is
given by [46]:
EA(ρ,β)≡
E(ρ,β)
A
=
3
5
k2F
2m
+
1
2ρ
Re
∑
k′≤kF
〈kk′|G[ρ,β;ǫ(k)+ǫ(k′)]|kk′〉A . (2)
One of the main purposes of this paper is to study the
density dependence of symmetry energy which describes
the isospin dependent part of the EOS of asymmetric
nuclear matter and is defined generally as:
Esym=
1
2
[
∂2EA(ρ,β)
∂β2
]
β=0
. (3)
It has been shown by microscopic investigation [19–
21, 29] that the energy per nucleon EA(ρ,β) of asymmet-
ric nuclear matter fulfills satisfactorily a linear depen-
dence on β2 in the whole asymmetry range of 0≤ β≤ 1,
indicating that the EOS of asymmetric nuclear matter
can be expressed as:
EA(ρ,β)=EA(ρ,β=0)+Esym(ρ)β
2 (4)
The above result provides an microscopic support for
the empirical β2-law extracted from the nuclear mass
table and extended its validity up to the highest asym-
metry. Accordingly the symmetry energy can be readily
obtained from the difference between the EOS of pure
neutron matter and that of symmetric nuclear matter,
i.e.,
Esym=EA(ρ,β=1)−EA(ρ,β=0) (5)
3 Results and discussions
The Bonn-B two-body interaction adopted in the
present calculation is an explicit one-boson-exchange po-
tential (OBEP) and it describes the experimental NN
phase shifts with a high precision [45]. The Bonn po-
tentials content the pseudoscalar π and η mesons, the
scalar σ and δ mesons, the vector ρ and ω mesons. In
the OBEP, the tensor components are determined by the
competition between the π meson and ρmeson exchanges
in the isospin singlet (S=1, T =0) neutron-proton chan-
nel, and they can be written explicitly in configuration
space as follows [45]:
V piT (r)=
1
12
f 2pi
4π
mpiZ(mpir)Sˆ12 , (6)
V ρT (r)=−
1
12
f 2ρ
4π
mρZ(mρr)(1+
fρ
gρ
)2Sˆ12 , (7)
where Sˆ12 =3
(σ1·r)(σ2·r)
r2
−(σ1 ·σ2) is the tensor operator;
fpi and fρ denote the tensor coupling constants for the π
and ρmeson exchanges, respectively; gρ is the vector cou-
pling constant; Z(x)= (mα/m)
2(1+3/x+3/x2)(e−x/x).
We notice that a large value of fρ/gρ=6.1 has been con-
firmed and consistently adopted in the OBEP [45, 48].
Therefore, the tensor coupling of the ρ meson exchange
is much stronger than its vector coupling. And conse-
quently it may suppress the tensor contribution from the
π meson exchange at short-range due to the fact that
the mass of ρ meson is much larger than the π mass.
The π exchange provides a strongly attractive long- and
mediate-range tensor component. A cancelation of the
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opposite contributions from the π meson and ρmeson ex-
changes is supposed to generate an mediate-range attrac-
tive and short-range repulsive tensor force. One of the
most distinctive properties of tensor force is that it cou-
ples two-particle states with different angular momenta
of L= J±1.
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Fig. 1. (Color online) Potential energy per nucleon
of asymmetric nuclear matter is split into the
two contributions from the isospin T = 0 (filled
squares) and T = 1 (filled circles) channels ver-
sus asymmetry parameter β for ρ = 0.2fm−3.
The lines are plotted for guiding eyes. The open
squares represent the 3SD1 coupled channel con-
tribution from the full Bonn-B interaction. The
open triangles denote the 3SD1 channel contribu-
tion due to the pi- and ρ-exchange parts in the
Bonn-B interaction.
In order to show the effect of the tensor force on the
isospin-dependence of the EOS of asymmetric nuclear
matter, in Fig. 1 we plot the contributions to the po-
tential energy per nucleon of asymmetric matter at two
densities of ρ=0.2 and 0.5fm−3. from the isospin singlet
T =0 channel, the isospin triplet T =1 channel and the
T = 0 3SD1 tensor channel, respectively. In the figure,
the results are obtained by adopting the Bonn-B interac-
tion, and the T =0 3SD1 channel contribution due to the
π and ρ exchange components in the Bonn-B interaction
is also given. It is seen from Fig. 1 that the contribution
of the T = 0 channel depends strongly on the asymme-
try β and it increases rapidly as a function of β in the
whole asymmetry range 0 < β < 1. At ρ = 0.2fm−3, it
increases from -22.5 MeV to 0 as the asymmetry β goes
from 0 to 1. Whereas the asymmetry-dependence of the
T = 1 channel contribution turns out to be quite weak
and it decreases slightly by only about 2.5 MeV from
−22.5 MeV to −25 MeV as the asymmetry β increases
from 0 to 1. The above result is in good agreement with
the previous investigation of Refs. [19, 20] within the
BHF framework by adopting the Paris and AV 14 inter-
actions, respectively. For the high density of ρ=0.5fm−3,
the result remains similar. The T = 0 channel contribu-
tion increases rapidly from -30MeV to 0 as the asymme-
try increases from 0 to 1. Whereas, the T = 1 channel
contribution is quite insensitive to the asymmetry pa-
rameter β, and it changes only by about 11MeV from
-28MeV to -27MeV. The above results indicate that the
predominant contribution to the isovector part of the po-
tential energy of asymmetric nuclear matter comes from
the isospin singlet T = 0 channel. Similar conclusion
has also obtained in Ref. [34]. According to Eq. (4), the
isovector part of the EOS of asymmetric nuclear matter is
completely described by the symmetry energy Esym and
therefore the T =0 channel contribution plays a decisive
role in determining the symmetry energy and its den-
sity dependence. In Fig. 1, it is worth noticing that the
corresponding filled squares, empty squares and empty
triangles are almost coincident with one another, which
not only indicates that the T = 0 channel contribution
to the symmetry energy Esym is almost fully comes from
the 3SD1 tensor channel, but also implies that the T =0
channel contribution is provided almost completely by
the π- and ρ-exchange interactions in the tensor 3SD1
channel. Therefore, we may readily conclude that the
potential part of symmetry energy Esym is essentially
governed by the tensor force in NN interaction via the
3SD1 channel.
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Fig. 2. (Color online) Density dependence of the
energy per nucleon of symmetric nuclear matter
obtained by adopting different strengths of the
tensor component due to the ρ-meson exchange
in the Bonn-B interaction. Left panel: total en-
ergy per nucleon. Right panel: potential parts
contributed from the isospin T =0 (upper panel)
and the T =1 (lower panel) channels.
The tensor interaction, especially its short-range
part, has not been well determined consistently from the
deuteron properties and/or the nucleon-nucleon scatter-
ing data. The tensor coupling (D-state probability Pd%)
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is one of the most uncertain low-energy parameters, and
has estimated to be between 4% and 8% in various NN
potentials [22]. The tensor force, especially its short-
range part, is expect to affect strongly the high density
behavior of symmetry energy [41]. In the following, we
shall investigate the short-range tensor force effect on the
density-dependence of symmetry energy by varying the
strength of the tensor force due to the ρ meson exchange
as follows: V ρ∗T =αV
ρ
T , where V
ρ
T is specified as the orig-
inal tensor component due to the ρ-meson exchange in
the Bonn-B interaction. By varying the parameter α, we
may change the strength of the short-range tensor force
from the ρ-meson exchange and study its effect. The
calculated results for symmetric nuclear matter are dis-
played in Fig. 2. In the left panel of Fig. 2, the EOSs of
symmetric nuclear matter (i.e., the energy per nucleon
of symmetric nuclear matter vs. density) obtained by
adopting various α values are plotted. As expected, in-
creasing the strength of ρ-meson tensor component leads
to an overall increase in the predicted energy per nucleon
of symmetric nuclear matter in the whole density region
considered here and this effect turns out to be more pro-
nounced at higher densities. This is readily understood
since the tensor force from the ρ-meson exchange gives a
repulsive contribution to the potential energy of nuclear
matter. In the right panel, we show the contributions to
the potential energy, respectively from the isospin T =0
channel (upper part) and T = 1 channel (lower part).
It is noticed that the T = 1 channel contribution is al-
most independent of the strength of the ρ-meson tensor
force, and the variation of the EOS of nuclear matter
with varying the ρ-meson tensor force appears to be de-
termined by the variation of the T = 0 channel contri-
bution. The above results indicate that the short-range
tensor interaction from the ρ-meson exchange play its
role essentially via the T = 0 partial wave channel. The
NN interaction in the isospin T = 0 channel describes
the neutron-proton (np) correlations in nuclear medium.
Accordingly, our results are consistent with the recent
experimental evidence for a strong enhancement of the
np short-range correlations over the proton-proton(pp)
correlations observed at JLab [49] due to the dominate
role played by the short-range tensor components of NN
interactions in generating the NN correlations [50].
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Fig. 3. (Color online) Symmetry energy vs. den-
sity, obtained by adopting different strengths of
the ρ-meson exchange tensor component in the
Bonn-B interaction.
In Fig.3, we report the short-range tensor effect on
the density dependence of symmetry energy by varying
the strength of the ρ-meson tensor component in the
Bonn-B interaction. One may notice that the calcu-
lated symmetry energy is rather sensitive to the ρ-meson
tensor force, especially at high densities and for large
strength parameter α > 1. The variation of the sym-
metry energy with varying the tensor component due to
the ρ-meson exchange turns out to be opposite to that
of EOS of symmetric nuclear matter, i.e., increasing the
tensor force of the ρ-meson exchange leads to a reduction
of symmetry energy and a softening of the density depen-
dence of symmetry energy. This can be explained easily
in terms of Eq. (5) and the results in Fig. 2. Accord-
ing to Eq. (5), symmetry energy is determined by the
difference between the energy per nucleon of pure neu-
tron matter and that of symmetric nuclear matter. From
Fig. 2, it is seen that the short-range ρ exchange tensor
force plays its role almost fully via the T = 0 channel
np correlations which is absent in pure neutron matter.
Therefore, varying the short-range tensor force may lead
to opposite variations in symmetry energy and the EOS
of symmetric nuclear matter.
4 Summary
In summary, we have investigated the effect of tensor
force on the isospin dependence of the EOS of asymmet-
ric nuclear matter and nuclear symmetry energy within
the framework of the BHF approach by adopting the
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Bonn-B interaction. The T = 0 channel contribution is
shown to depend sensitively on the isospin asymmetry β,
and it plays a predominate role over the T = 1 channel
contribution in determining the isospin dependence of
the EOS of asymmetric nuclear matter (i.e., the isovec-
tor part of the EOS). The T = 0 channel contribution
stems almost fully from the 3SD1 tensor channel. The
tensor force manifests its effect via the 3SD1 coupled
channel, and the T =0 channel contribution turns out to
be almost completely provided by the tensor component
in NN interaction via the 3SD1 coupled channel. The
contributions to the EOS of symmetric nuclear matter
and symmetry energy from the short-range tensor com-
ponent due to the ρ-meson exchange in NN interaction
have been calculated. The T =1 channel contribution to
the EOS is almost independent of the strength of the ρ-
meson exchange tensor component. Whereas, the T = 0
channel contribution is shown to be affected strongly by
the ρ-meson exchange tensor component. Increasing the
tensor component due to the ρ-meson exchange in NN
interaction tends to enhance the repulsion of the EOS of
symmetric nuclear matter, and may leads to a reduction
and softening of symmetry energy. The present results
confirm the crucial role played by the tensor force in
determining the isospin dependence of the EOS of asym-
metric nuclear matter and the density dependence of nu-
clear symmetry energy.
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